We investigated influx and efflux transporters involved in bloodbrain barrier transport of the nonsedative H1-antagonist epinastine. The basal-to-apical transport of [ 14 C]epinastine was markedly higher than that in the opposite direction in LLC-GA5-COL150 cells stably transfected with human multidrug resistance (MDR)1 gene. The brain-to-plasma concentration ratio of [ 14 C]epinastine in mdr1a/b(؊/؊) mice was 3.2 times higher than that in wild-type mice. The uptake of both [ 3 H]mepyramine and [ 14 C]epinastine into immortalized rat brain capillary endothelial cells (RBEC)1 showed temperature and concentration dependence. The kinetic parameters, K m , V max , and uptake clearance (V max /K m ), of the initial uptake of [ 3 H]mepyramine and [ 14 C]epinastine by RBEC1 were 150 M, 41.8 nmol/min/mg protein, and 279 l/min/mg protein for mepyramine and 10.0 mM, 339 nmol/min/mg protein, and 33.9 l/min/mg
H1-receptor antagonists are used for the treatment of histaminemediated allergy. They are generally divided into two categories, classical (e.g., mepyramine, cyproheptadine, and chlorpheniramine) and second-generation H1-antagonists (e.g., ebastine, fexofenadine, and loratadine). There is characteristically a higher incidence of sedation with classical H1-antagonists than with second-generation H1-antagonists (Mattila and Paakkari, 1999) . The cause of the sedation is mainly blockade of histamine H1 receptors in the central nervous system (CNS 1 ) (Nicholson, 1987) . To induce this CNS side effect, the H1-antagonists must enter the CNS across the blood-brain barrier (BBB), which is formed by brain capillary endothelial cells (BCECs). Since the endothelial cells are connected to each other by tight junctions, H1-antagonists must cross the cell to enter the brain from bloodstream. Several influx and efflux transporters, including P-glycoprotein (P-gp), multidrug resistance-associated proteins (MRPs), monocarboxylic acid transporter, and organic cation transporter, have been identified in BCECs (Tamai and Tsuji, 2000b) , and the differential CNS side effects among H1-antagonists may be associated with differences of BBB permeability via these transporters. Recently, it was reported that some nonsedative second-generation H1-antagonists are substrates of P-gp, and the involvement of P-gp in efflux transport at the BBB may explain their limited brain distributions (Cvetkovic et al., 1999; Tamai et al., 2000a; Chishty et al., 2001; Chen et al., 2003) . Furthermore mepyramine, a classical sedative H1-antagonist, is taken up by the BCECs via a carrier-mediated transport system (Yamazaki et al., 1994a,b,c; Tamai et al., 2000a) . In those studies, cationic derivatives of H1-antagonists showed higher uptake transport activity than did zwitterionic derivatives that have both carboxylic acid and amino moieties, and the involvement in the process of brain uptake of a transporter with higher affinity for cationic compounds was suggested. Therefore, it seems to be essential to take both brain-to-blood efflux transporters and blood-to-brain influx transporters into consideration to understand the brain distribution, and thus the sedative effect, of H1-antagonists.
Epinastine is an antiallergic agent having histamine H1-receptor antagonistic activity, and it does not exhibit sedative properties in the clinical dose range (Adamus et al., 1987) . In rats, the brain concen-1 Abbreviations used are: CNS, central nervous system; AUC, area under the curve; BBB, blood-brain barrier; BCEC, brain capillary endothelial cell; LY335979, (2R)-anti-5-{3-[4-(10,11-difluoromethanodibenzo suber-5-yl]-2-hydroxypropoxy}quinilone trihydrochloride; MCT, monocarboxylic acid transporter; MDR, multidrug resistance; MRP, multidrug resistance-associated protein; OAT, organic anion transporter; OATP, organic anion-transporting polypeptide; (r)OCT, (rat) organic cation transporter; OCTN, novel organic cation transporter; P-gp, Pglycoprotein; RBEC, rat brain capillary endothelial cells; TEA, tetraethyl ammonium.
tration of epinastine is about 10 times lower than the plasma concentration (Kato et al., 1997) . It has also been reported that only about 10% of the CNS-H1 receptors are occupied in humans after a single dose of 20 mg of epinastine, as determined with positron emission tomography (Yanai et al., 1995) .
The aim of the present study was to elucidate the mechanisms of the limited brain distribution of epinastine by focusing on both influx and efflux transport processes at the BBB using various in vitro and in vivo methods. The structures of radiolabeled epinastine and mepyramine used in this study are shown in Fig. 1 .
Materials and Methods

Chemicals.
[ 14 C]Epinastine (46.76 mCi/mmol), unlabeled epinastine, and LY335979 were synthesized by Boehringer Ingelheim Co. (Biberach, Germany). Loratadine, decarboethoxyloratadine (desloratadine), cetirizine, and ebastine were extracted from tablets and purified to Ͼ98%. [ 3 H]Mepyramine and [ 14 C]mannitol were purchased from Amersham Biosciences UK, Ltd. (Little Chalfont, Buckingshamshire, UK). All other chemicals and reagents were commercial products of reagent grade.
Immortalized rat brain capillary endothelial cells (RBEC)1. Immortalized rat brain capillary endothelial cells (RBEC)1 were established by transfecting recombinant plasmids containing origin-defective simian virus 40 gene, SVori-8-16, into primary cultured rat BCECs as described previously (Kido et al., 2000) . RBEC1 cells were cultured in Dulbecco's modified Eagle's medium (high glucose) with 5% fetal bovine serum and 5% donor horse serum (Invitrogen, Carlsbad, CA) at 37°C in a 5% CO 2 , 95% air atmosphere, and were maintained by serial passages in plastic culture dishes.
LLC-PK1 and LLC-GA5-COL150. LLC-PK1 cells were obtained from Japan Health Science Research Resources Bank (Osaka, Japan). LLC-GA5-COL150 cells were purchased from Riken Gene Bank (Tsukuba, Japan). LLC-GA5-COL150 cells were established by transfection of human MDR1 cDNA into LLC-PK1 cells Ueda et al., 1992) and were maintained by serial passage in plastic culture dishes. LLC-PK1 cells were incubated in complete medium consisting of Medium 199 (Nissui Pharmaceutical, Tokyo, Japan) with 3% fetal bovine serum (Invitrogen). For LLC-GA5-COL150 cells, 150 ng/ml colchicine was added to the complete medium consisting of Medium 199 with 10% fetal bovine serum. LLC-PK1 and LLC-GA5-COL150 cells were seeded in plastic dishes containing complete medium. Monolayer cultures were grown at 37°C in a 5% CO 2 , 95% air atmosphere.
Transport Study in RBEC1. RBEC1 cells were seeded on collagen-coated multiwell dishes (Nalge Nunc International, Naperville, IL) at a cell density of 7.5 ϫ 10 4 cells/well. At 3 days after seeding, the cells were washed with 1 ml of incubation buffer (122 mM NaCl, 3 mM KCl, 25 mM NaHCO 3 , 1.2 mM MgSO 4 , 1.4 mM CaCl 2 , 10 mM D-glucose, and 10 mM HEPES, pH 7.4) and preincubated for 20 min. After preincubation, the buffer (0.25 ml) containing [ 3 H]mepyramine and [ 14 C]epinastine was added to initiate uptake. The cells were incubated at 37°C for a designated time, and then washed three times with 1 ml of ice-cold incubation buffer to terminate the uptake. The cells were solubilized with 1 N NaOH for 60 min, and then neutralized with HCl. The radioactivity was measured using a liquid scintillation counter (TRI-CARB 2500TR; PerkinElmer Life and Analytical Sciences, Boston, MA) after the addition of 3 ml of scintillation cocktail, Hionic fluor (PerkinElmer Life and Analytical Sciences). Cellular protein content was measured by the Lowry method with bovine serum albumin as a standard (Lowry et al., 1951) . Uptake was expressed as the cell-to-medium ratio (l/mg protein) obtained by dividing the uptake amount by the concentration of substrate in the incubation buffer. To estimate the kinetic parameters for the uptake of mepyramine and epinastine by RBEC1, the initial uptake rate after subtracting the uptake rate at 4°C was fitted to the following equation by means of nonlinear least-squares regression analysis using Multi (Yamaoka et al., 1981) :
where v is the initial uptake rate of substrate (nmol/min/mg protein), s is the substrate concentration in the medium (M), K m is the Michaelis-Menten constant (M), and V max is the maximum uptake rate (nmol/min/mg protein).
Transcellular Transport Study in LLC-GA5-COL150 and LLC-PK1 Cells. LLC-PK1 and LLC-GA5-COL150 cells were seeded on microporous polycarbonate membrane Transwells (3-m pore size, 1-cm diameter; Costar, Cambridge, MA) at a cell density of 2.0 ϫ 10 5 and 2.5 ϫ 10 5 cells/cm 2 , respectively. Cells were cultured on the membrane with 1.5 and 0.5 ml of complete medium without colchicine in the donor and receiver compartments, respectively. Cells were supplemented with fresh medium on the second day and used for the transport studies on the fifth day after seeding. Transepithelial electrical resistance was measured in each well using a Millicell ohmmeter (model ERS; Millipore Corporation, Bedford, MA). Cells exhibiting a resistance of 200 ⍀ or greater, after correcting for the resistance obtained in control blank wells, were used in the transport experiments. About 1 h before the initiation of the transport experiments, the medium in both the donor and receiver compartments was replaced with transport medium. The transport experiments were initiated by replacing the medium with medium containing or not containing a test compound. After 0.5, 1, 1.5, and 2 h, 100 l were taken from the receiver compartment and replaced with the same amount of fresh transport medium. The radioactivity was measured in the same way as described above. To examine the inhibitory effect of LY335979 on the P-gpmediated transport in LLC-GA5-COL150, LY335979 was added to the medium on both sides of the cell monolayers 1 h before adding the substrate. The paracellular leakage was monitored in terms of the appearance of [ 14 C]mannitol in the opposite compartment and was Ͻ5 l/cm 2 of total radioactivity per hour.
In Vivo Brain Distribution Study. Male FVB and mdr1a/b(Ϫ/Ϫ) mice, 5 to 8 weeks of age, were purchased from Taconic Farms, Inc. (Germantown, NY). [ 14 C]Epinastine (2 mg/0.1 mCi/2.5 ml/kg) dissolved in distilled water was intravenously injected via the tail vein. At 1 h after injection, the mice were sacrificed under ether anesthesia, and blood, liver, brain, and heart were immediately collected for analysis. Plasma samples were immediately separated by centrifugation. Brain and other tissues were homogenized with 1 or 2 ml of water, respectively. Samples were kept frozen at Ϫ20°C until analysis.
Quantification of Epinastine in Plasma and Tissues. Plasma and tissue homogenates were subjected to liquid-liquid extraction. Briefly, 50 l of 2 g/ml diphenidol as an internal standard was added to 200 l of plasma or 100, 700, or 800 l of liver, heart, and brain homogenate, respectively. Then, 1.5 ml of 0.5 N NaOH and 10 ml of iso-octane with 2% iso-butanol were added to each sample, and the mixture was shaken mechanically for 10 min. After centrifugation at 2800g for 10 min at room temperature, the upper organic phase was transferred into another tube and 120 l of 0.05 N hydrochloric acid was added for back-extraction. The mixture was shaken and centrifuged as above; then, the upper organic phase was discharged by aspiration. Finally, 30 l of the hydrochloric acid phase was injected into a high-performance liquid chromatography system, model 2690 with a 996 photodiode array (Waters, Milford, MA). Quantification of epinastine was performed under isocratic conditions using an Inertsil ODS-2 (5-m, 2.1 ϫ 150 mm) column (GL Science, Tokyo, Japan). The mobile phase, 0.1% sodium octane sulfonate containing 0.05% phosphoric acid/acetonitrile (67.5:32.5, v/v) was delivered at a flow rate of 0.28 ml/min. The eluate was monitored at 210 nm.
Results
Transport of Epinastine across Cultured Cell Monolayers of LLC-PK1 and LLC-GA5-COL150 Cells.
The role of P-gp in epinastine efflux transport was assessed using LLC-PK1 and LLC-GA5-COL150 cells stably transfected with human MDR1 gene. Figure 2 shows the time profiles of transcellular transport of [ 14 C]epinastine across LLC-PK1 and LLC-GA5-COL150 monolayers. For epinastine, the basal-to-apical transport markedly exceeded transport in the op- posite direction in LLC-GA5-COL150 cells, whereas in LLC-PK1 cells, such polarized transport was absent. Furthermore, the basal-toapical and apical-to-basal transports in the presence of LY335979, a specific P-gp inhibitor, were 42.2 and 46.7 l/cm 2 for LLC-GA5-COL150 and 50.0 and 52.3 l/cm 2 for LLC-PK1 at 60 min, respectively. Namely, the greater basal-to-apical transport as compared with apical-to-basal transport of epinastine across the monolayer of LLC-GA5-COL150 was completely abolished by 0.1 M LY335979, which had no significant effect on the epinastine transport across a monolayer of LLC-PK1 (data not shown).
Brain Distribution of Epinastine in mdr1a/b(؉/؉) and mdr1a/ b(؊/؊) Mice. To evaluate the importance of P-gp in determining the in vivo brain distribution of epinastine, the brain concentration of unchanged epinastine was determined at 1 h after intravenous injection of epinastine into wild-type [mdr1a/b(ϩ/ϩ)] mice and mice that lack the mdr1a/b gene [mdr1a/b(Ϫ/Ϫ)] ( Table 1 ). The tissue-toplasma concentration ratio (K p ) in brain in mdr1a/b(Ϫ/Ϫ) mice (0.70) was 3.2 times higher than that in mdr1a/b(ϩ/ϩ) mice (0.22). In heart, in which the mdr1a/b gene products are not expressed, no significant difference in K p value was observed between these two types of mice. These results demonstrate that P-gp limits the in vivo brain distribution of epinastine.
Uptake of [ 3 H]Mepyramine and [ 14 C]Epinastine by Immortalized Rat Brain Capillary Endothelial Cells (RBEC1). The time courses of [ 3 H]mepyramine and [ 14 C
]epinastine uptake at 37°C and 4°C by RBEC1 are shown in Fig. 3 . The uptakes of [ 3 H]mepyramine and [ 14 C]epinastine at 37°C and 4°C increased with time, and marked temperature dependence was observed. Based on the results of time courses, 10 and 30 s for mepyramine and epinastine, respectively, were chosen for kinetic and inhibition studies as the shortest time we can evaluate the initial uptake in a quantitatively reliable manner. The concentration dependence of the initial uptake of [ 3 H]mepyramine and [ 14 C]epinastine was studied from 1 M to 1 mM and 0.1 M to 5 mM, respectively. The results are shown in Fig. 4 . The initial uptakes of [ 3 H]mepyramine and [ 14 C]epinastine at 37°C and 4°C were used to evaluate the total and nonsaturable uptakes, respectively, since the uptakes of [ 3 H]mepyramine and [ 14 C]epinastine at 4°C increased linearly with increasing substrate concentration. Therefore, it is considered that the difference between the uptake rates at 37°C and 4°C represents the saturable process. The Eadie-Hofstee plots of the saturable uptake component of [ 3 H]mepyramine and [ 14 C]epinastine each exhibited a single straight line (Fig. 4) . The K m and V max values estimated using the equation v ϭ V max ϫ s/K m ϩ s were 150 Ϯ 53.3 M and 41.8 Ϯ 4.51 nmol/min/mg protein for mepyramine and 10.0 Ϯ 0.547 mM and 339 Ϯ 12.7 nmol/min/mg protein for epinas-tine, respectively. The uptake efficiencies of mepyramine and epinastine in terms of uptake clearance were 279 l/min/mg protein and 33.9 l/ml/mg protein, respectively, with about 8 times lower efficiency for epinastine compared with mepyramine. Accordingly, both mepyramine and epinastine are taken up by the endothelial cells that form the blood-brain barrier through a carrier-mediated process, but the uptake of epinastine was less efficient than that of the sedative mepyramine.
Inhibitory Effect of Several Compounds on the Uptake of [ 3 H]Mepyramine and [ 14 C]Epinastine in RBEC1.
To identify the transporter involved in [ 3 H]mepyramine and [ 14 C]epinastine uptake by RBEC1, the inhibitory effects of various compounds were examined (Table 2) . We used tetraethyl ammonium (TEA), guanidine, carnitine, quinidine, amantadine, and verapamil, which are the inhibitors of organic cation transporters (OCTs and OCTNs), p-aminohippurate as an inhibitor of organic anion transporters (OATs), estrone-3-sulfate, taurocholate and digoxin as inhibitors of organic anion transporting polypeptides (OATPs), and benzoic acid as an inhibitor of MCT1 (Ohashi et al., 1999; Yabuuchi et al., 1999; Asaba et al., 2000; Kido et al., 2000; Han et al., 2001; Sugiyama et al., 2001; Goralski et al., 2002) . Among them, quinidine, amantadine, and verapamil significantly inhibited the uptake of [ 3 H]mepyramine and [ 14 C]epinastine, whereas other cationic compounds or anionic compounds did not. These results indicate that a transporter(s) that is sensitive to organic cations is involved in the uptake of mepyramine and epinastine by RBEC1 cells.
Inhibitory Effect of Several H1-Antagonists on the Uptake of [ 3 H]Mepyramine and [ 14 C]Epinastine in RBEC1.
To clarify whether other classical and second-generation H1-antagonists have affinity for the transporter(s) that is responsible for the uptake of mepyramine and epinastine in RBEC1, we examined the inhibitory effects of H1-antagonists (Table 3) . Chlorpheniramine, cyproheptadine, ketotifen, and desloratadine significantly reduced the initial uptakes of both [ 3 H]mepyramine and [ 14 C]epinastine by RBEC1, whereas cetirizine, loratadine, ebastine, and fexofenadine were not inhibitory.
Discussion
Epinastine is a second-generation H1-antagonist and occupies the central H1 receptor to the extent of about 10% after oral dosing (Yanai et al., 1995) , whereas over 50% of central H1 receptors are occupied by some classical H1-antagonists, such as chlorpheniramine, administered orally (Yanai et al., 1992; Tagawa et al., 2001) . To enter the brain, it is necessary for drugs to cross the BCECs, which form the BBB, due to the presence of tight junctions between adjacent BCECs. Transporters such as P-gp, MRPs, MCT, OATPs, OCTNs, and OCTs are expressed in the BCECs (Tamai and Tsuji 2000b) , and they may control the brain distribution of H1-antagonists, resulting in the ob- Open and closed circles indicate the basal-to-apical and apical-to-basal transports, respectively. Each point represents the mean Ϯ S.D. from three experiments. ૺ, significantly different from the data with the apical-to-basal transport as determined with a two-sided Student's t test (p Ͻ 0.05). 
Tissue-to-plasma concentration ratios (K p ) of unchanged epinastine after i.v. administration to FVB (n ϭ 3) and mdr1a/b(Ϫ/Ϫ) (n ϭ 4) mice
Epinastine (2 mg/kg) was administered intravenously to both types of mice. At 1 h after administration, mice were sacrificed and tissues were isolated and weighed for analysis. Data are shown as the mean Ϯ S.D. The statistical significance of differences between groups of mice was assessed by a two-tailed Student's t test, with p Ͻ 0.05 as the criterion of significance (* p Ͻ 0.05). served differential sedative effects among the H1-antagonists. Furthermore, previous studies suggested that there are both influx and efflux transporters for the BBB transport of H1-antagonists. As regards influx transporters, the presence of a mepyramine transporter was suggested, and the cationic derivatives, rather than the zwitterionic derivatives, of H1-antagonists exhibited higher affinity, resulting in greater accumulation of cationic derivatives in the brain. Since the cationic derivatives also exhibit stronger sedative effects, the influx transporter was supposed to be a determinant of the sedative effect of H1-antagonists (Yamazaki et al., 1994a,b,c) . Then, involvement of the efflux transporter P-gp as a determinant was proposed, and several studies found a positive correlation between the sedative effect and transport by P-gp (Cvetkovic et al., 1999; Tamai et al., 2000a; Chishty et al., 2001; Chen et al., 2003) . Accordingly, both influx and efflux transporters should be important to determine the apparent brain distribution of H1-antagonists. In the present study, we have examined the mechanisms of the limited brain distribution of epinastine, which shows a low sedative effect, by focusing on the influx and efflux transporters at the BBB. First of all, we evaluated the involvement of the efflux transporter P-gp by means of in vivo and in vitro cultured-cell studies. The transport of epinastine from brain to bloodstream was evaluated by using P-gp-overexpressing LLC-GA5-COL150 cells compared with parental LLC-PK1 cells, and mdr1a/b(Ϫ/Ϫ) mice compared with parental FVB mice. In the LLC-GA5-COL150 cells, which express P-gp on the apical membrane, the basal-to-apical transport was greater than the oppositely directed transport, which was not the case in LLC-PK1 cells (Fig. 2) . Furthermore, the brain-to-plasma concentration ratio in mdr1a/b(Ϫ/Ϫ) was 3.2 times higher than that in wild-type mice (Table 1) . These results clearly indicated that P-gp plays a substantial role in the limited brain distribution of epinastine. In mdr1a/b(Ϫ/Ϫ) mice, significant differences in the brain-to-plasma concentration or AUC ratios were observed among various H1-antagonists (Table 4) . For example, a more than 100 times higher brainto-plasma AUC ratio was observed for desloratadine as compared with cetirizine. Similarly, the K p,brain of ebastine was 10 times higher than that of carebastine. Such large differences in brain penetration among H1-antagonists in the absence of P-gp strongly suggested that transporters other than P-gp could affect the apparent BBB permeability of H1-antagonists.
Unchanged
FIG. 3. Time courses for the uptake of [ 3 H]mepyramine (A) and [ 14 C]epinastine (B) by cultured monolayer of RBEC1 at 37°C (closed circles) and 4°C (open circles).
The substrate concentrations used were 5 M for mepyramine and epinastine. Each point represents the mean Ϯ S.D. from three experiments. Inset represents the uptake over 10 and 60 s for mepyramine and epinastine, respectively.
FIG. 4. Concentration-dependence of uptake of mepyramine and epinastine by RBEC1.
Inset, Eadie-Hofstee plots of initial uptake rates of mepyramine (10 s) and epinastine (30 s) after subtracting the initial uptake rate at 4°C. v, uptake in nmol/mg protein/10 s or 30 s; v/[S], pmol/mg protein/10 s or 30 s/M. The substrate concentrations used were 1 to 1000 M and 0.1 to 5000 M for mepyramine and epinastine, respectively. Each point represents the mean Ϯ S.D. from three experiments. Closed circles, open circles, and closed triangles indicate the uptake at 37°C, 4°C, and the difference between 37°C and 4°C, respectively. The dashed lines were generated from the equation v ϭ V max ϫ s/K m ϩ s, using Multi-fitted parameters. There are several transporters functioning for drug influx at the BBB, and H1-antagonists may be taken up by the BCECs through such transporter(s) (Yamazaki et al., 1994a,b,c; Tamai et al., 2000a) . In the present study, RBEC1 cells were used to elucidate the involvement of influx transporters in epinastine transport. The immortalized RBEC1 cells established in our laboratory meet various morphological and enzymatic criteria for the BBB (Kido et al., 2000) , and expression of several transporters, including monocarboxylic acid transporter MCT1 (Kido et al., 2000) , large neutral amino acid transporters LAT1 and LAT2 with 4F2hc (Kido et al., 2001b) , carnitine transporter OCTN2 (Kido et al., 2001a) , and MRP1, has been confirmed, whereas the cell line showed negligible expression of P-gp (Tamai et al., 2000c) . Thus, we used immortalized RBEC1 cells as the model for in vitro BBB transport studies and evaluated the uptake of epinastine into the cells in comparison with that of mepyramine, a classical sedative H1-antagonist. The uptake of mepyramine into RBEC1 showed temperature and concentration dependence (Figs. 3 and 4) , as has already been demonstrated in primary cultured bovine BCECs (Yamazaki et al., 1994a,b,c) . Epinastine was also taken up by the RBEC1 cells in both a temperature-and concentration-dependent manner. The Eadie-Hofstee plots of the uptakes of mepyramine and epinastine were linear, indicating that mepyramine and epinastine were apparently transported into RBEC1 by a single transporter ( Figs.  3 and 4) . The K m and V max /K m values of epinastine uptake were about 67 times higher and 8 times lower than those of mepyramine uptake, respectively. The difference in the estimated K m and V max /K m values between mepyramine and epinastine demonstrated that epinastine was taken up less efficiently than mepyramine by the RBEC1 cells. To clarify the transport mechanisms of mepyramine and epinastine into RBEC1, we examined the inhibitory effects of various compounds. The uptakes of [ 3 H]mepyramine and [ 14 C]epinastine were not affected by substrates of organic anion transporters such as MCT1, OATs, and OATPs. Similarly, several organic cations, including TEA, carnitine, and guanidine, had no effect. However, the uptakes of mepyramine and epinastine were inhibited by organic cations, including quinidine, amantadine, and verapamil ( Table 2 ). The inhibitory effects of several organic cations were very similar to those on amantadine uptake into isolated rat renal proximal tubules (Goralski et al., 2002) and verapamil uptake into human retinal pigment epithelial cells (Han et al., 2001) . It was reported that an unidentified carrier, which is different from rOCT1, rOCT2, rOCT3, and OCTN2, transfers amantadine into isolated rat renal tubules, and a novel cation transporter, which is not OCT1, OCT2, OCT3, OCTN1, or OCTN2, transfers verapamil into retinal pigment epithelial cells (Han et al., 2001; Goralski et al., 2002) . Amantadine and verapamil significantly inhibited the uptake of [ 3 H]mepyramine and [ 14 C]epinastine, indicating that a transporter, which is similar to that involved in amantadine and verapamil uptake, is responsible for the uptake of epinastine and mepyramine at the BBB. Furthermore, cationic H1-antagonists such as chlorpheniramine, ketotifen, cyproheptadine, and desloratadine significantly inhibited the uptake of both mepyramine and epinastine, whereas zwitterionic derivatives, cetirizine and fexofenadine, were not inhibitory (Table 3) . Epinastine exhibited a negligible inhibitory effect on mepyramine uptake by RBEC1 cells, and the extent of inhibition was comparable with that of zwitterionic derivatives, suggesting that epinastine is not efficiently transported by the transporter responsible for the uptake of mepyramine. Desloratadine, a nonseda- tive H1-antagonist and metabolite of loratadine, showed a stronger inhibitory effect than epinastine on the mepyramine uptake. The absence of a sedative effect of desloratadine may be explained by efficient efflux via P-gp, as demonstrated previously (Chen et al., 2003) , that negates the uptake by the BCECs. Nonsedative fexofenadine was reported to show relatively low transport via P-gp, as evaluated in terms of the flux ratio of basal-to-apical/apical-to-basal transport in a monolayer of MDR1-expressing cells, although it is a substrate of P-gp (Cvetkovic et al., 1999) . The lack of a sedative effect of fexofenadine may be explained largely by insufficient uptake by the BCECs, because it exhibited less efficient efflux via P-gp. In the case of epinastine, an insufficient uptake by RBEC1 cells and sufficiently high efflux via P-gp were demonstrated in the present study. Accordingly, if the influx transporter responsible for H1-antagonists at the BBB is shared by these derivatives, the affinity of H1-antagonists for both influx and efflux transporters would affect the apparent BBB permeability for these drugs.
In conclusion, the present study demonstrated that the limited brain distribution of epinastine is partly a consequence of active efflux transport via P-gp. In addition to the efflux transport, 8-fold lower uptake clearance by the influx transporter, as compared with mepyramine, also contributes to the low brain distribution of epinastine. Our results suggest that the brain distribution of H1-antagonists is affected by both influx and efflux transporters, and the relative contributions are variable among different antagonists, resulting in the differential sedative effects. Further studies to identify the influx transporter(s) will be important to understand in detail the brain distribution of H1-antagonists.
